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Total hemispherical shortwave reflectance (albedo) is a major component of the Earth's radiation budget. To develop 
capabilities for the remote determination of prairie grass albedo, the determination of albedo from spectral 
bidirectional reflectance data was explored. Estimates of total shortwave albedo were derived from multidirectional 
reflectance factor measurements of big bluestem (Andropogon gerardii) grass acquired during the summer of 1986. 
The data were analyzed to evaluate the variation of albedo with changes in solar zenith angle and phenology. On any 
one day, albedo was observed to increase by at least 19% (relative) as solar zenith angle increased. Over the growing 
season, changes in big bluestem albedo corresponded to changes in the green leaf area index of the grass canopy. The 
ability to estimate albedo using reflectance factor data acquired within only one or two azimuthal planes and at a 
restricted range of view zenith angles was also evaluated. Estimates were compared to "true" albedos derived from all 
available reflectance factor data. Although differences increased slightly with solar zenith angle, estimates derived 
from data from two azimuthal planes oriented 45 ° to the solar principal plane were always within 4% (relative) of the 
" t rue"  albedos even when view zenith angles were restricted to 50 ° or less. Albedo estimates derived from data along 
a single azimuthal plane were closest to the "true" albedos when the plane was either the principal or a 45 ° plane mad 
were always within 10% of the true albedos. Albe, lo estimates derived from nadir reflectance factor measurements 
differed by up to 18% from the '" true" albedos wath tke differences increasing with solar zenith angle. Even a limited 
amount of multiple direction reflectance data proved preferable to a single nadir reflectance factor for the estimation 
of big bluestem albedo. 

Introduct ion  

A comprehensive experiment called the 
First ISLSCP Field Experiment (FIFE) is 
being conducted by the National 
Aeronautics and Space Administration 
(NASA) with the overall objective of de- 
veloping methodologies for deriving land 
surface climatological parameters from 
satellite radiance measurements (Sellers 
and Hall, 1987). The approach is to ob- 
tain near-surface measurements of param- 
eters determining the radiation budget 
and surface energy balance and then to 
compare the near-surface measurements 
to corresponding values derived from 

satellite remote sensing data. During 
1987, extensive field measurements were 
made on a 15 × 15 km site located in the 
Great Plains (the Konza Prairie near 
Manhattan, KS) during four 2-week peri- 
ods from March to October. 

As a component of the radiation 
budget, total hemispherical shortwave re- 
flectance (albedo) is a major parameter of 
interest to FIFE. Past efforts to estimate 
albedo from remote sensing data have 
been constrained by the available instru- 
mentation (Pinker and Ewing, 1986). The 
available sensors have typically provided 
directional observations of reflected radi- 
ance in narrow spectral bands. Estima- 
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tion of albedo from these observations 
generally required simplifying assump- 
tions. The assumptions included the use 
of narrow band data to represent reflec- 
tance across the short wave portion of the 
spectrum (0.3-3.0 /~m) and an assump- 
tion of isotropic (i.e., Lambertian) sur- 
face reflectance (Henderson-Sellers and 
Wilson, 1983; Wiesnet and Matson, 1983). 
These assumptions are not generally valid 
for terrestrial reflectance (Coulson, 1966). 
In particular, re]fectance from vegetation 
varies spectrally and is not isotropic. 
Several studies have shown that the as- 
sumption of isotropic reflectance from 
vegetation can cause significant inaccu- 
racy in albedo estimates (Eaton and 
Dirmhirn, 1979; Kimes and Sellers, 1985; 
Irons et al., 1987). Kimes et al. (1987a) 
concluded that reflectance observations 
from multiple view zenith angles along at 
least a single azimuth direction are re- 
quired to estimate terrestrial albedos. 

Albedos and spectral hemispherical re- 
flectances have been derived from multi- 
ple direction observations of bidirectional 
or biconical reflectance in a number of 
studies. Kriebel (1979) calculated the total 
shortwave albedo of four cover types 
(savannah, bog, pasture land, and conifer- 
ous forest) from multiple direction data 
obtained by an airborne, eight-channel, 
scanning radiometer. Kimes and Sellers 
(1985) computed spectral hemispherical 
reflectances of several bare fields, grass 
canopies, and row crop canopies from 
multiple direction observations obtained 
with a field radiometer. Walthall et al. 
(1985) developed a three-term equation 
which describes bidirectional reflectance 
as a function of view direction relative to 
the solar direction. The equation was fit 
to multiple direction data from several 
bare soil surfaces and a soybean canopy. 
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The equation was then analytically in- 
tegrated to derive hemispherical reflec- 
tances for the various surfaces. Irons et al. 
(1987) used the equation of Walthall 
et al. (1985) to estimate the spectral 
hemispherical reflectances of bare soil, 
soybeans, and orchardgrass from multiple 
direction data acquired by a pointable, 
airborne, imaging radiometer. 

New and future sensors offer potential 
for improving remote estimates of albedo 
and hemispherical reflectance. Sensors 
proposed for the future Earth Observing 
System, for example, will be capable of 
providing observations over the entire 
shortwave region from multiple view di- 
rections (NASA, 1986). One of the FIFE 
studies is focusing on the use of multiple 
view direction data to estimate spectral 
hemispherical reflectances from the 
Konza Prairie. The study is using data 
acquired by an airborne sensor, the Ad- 
vanced Solid-State Array Spectroradiome- 
ter (Barnes et al., 1985), which points 
through a sequence of fore-to-aft view 
zenith angles as the airplane flies over a 
target. The sensor allows view zenith an- 
gles out to 45 ° off-nadir. The FIFE ex- 
perimental design for the Konza Prairie 
did limit the multiple direction ASAS ob- 
servations to one or two azimuthal planes, 
depending upon the number of flights the 
airplane was able to make over a particu- 
lar target. 

The work reported here consists of an 
analysis of reflectance data acquired at 
multiple view directions with a truck- 
mounted radiometer over big bluestem 
(Andropogon gerardii) grass during the 
summer of 1986. Big bluestem is a domi- 
nant species in the Konza Prairie (Asrar 
et al., 1986), and the data are analyzed to 
evaluate the variation of albedo with 
changes in solar zenith angle and phenol- 
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ogy. The ability to estimate albedo using 
data from only one or two azimuthal 
planes is also evaluated. 

Data 

The relationship which describes the 
bidirectional reflectance of a surface as a 
function of illuminating geometry (solar 
zenith and azimuth) and viewing geome- 
try (view zenith and azimuth) is called 
the bidirectional reflectance distribution 
function (BRDF). To study the BRDF of 
plant canopies, bidirectional reflectance 
factors from multiple view directions were 
acquired over a number of field plots 
at Purdue University (Ranson et al., 
1985a, b). During the summer of 1986, 
reflectance measurements were made on 
a field of big bluestem, a tall perennial 
warm-season grass. The field had been 
burned earlier in the year prior to the 
beginning of spring growth. A Barnes 
Model 12-1000 Modular Multiband Radi- 
ometer (MMR) with 15 ° field of view 
was used to measure radiance reflected 
from the big bluestem in seven spectral 
bands (Table 1). Spectral reflectance fac- 
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tors were derived from ratios of the spec- 
tral radiance reflected from the grass to 
the spectral radiance reflected from a 
barium sulfate (BaSO4) painted reference 
panel (Robinson and Biehl, 1979). 

The radiometer was mounted on a 
boom at 2.3 m above the soil and re- 
flected radiance was measured sequen- 
tially at 15 view zenith angles (out to 70 ° 
on both sides of nadir in 10 ° increments) 
in each of four azimuthal planes for a 
total of 60 observations. The geometry of 
these observations is illustrated in Fig. 1. 
Note that the azimuthal plane of observa- 
tion is defined by the sensor, the target, 
and a line through the target perpendicu- 
lar to the surface. The principal azimuthal 
plane is defined by the sun, the target, 
and the perpendicular line through the 
target. 

Big bluestem reflectance factor data 
were acquired on several dates during the 
growing season and at several times each 
day. Table 2 lists the dates and solar 
zenith and azimuth angles corresponding 
to each analyzed data set. For each data 
set, the sequence of 60 directional ob- 
servations was repeated twice. This pro- 

TABLE 1 Downwelling Irradiance at the Earth Sudace as a Function of Spectral Band and Solar Zenith Angle. ~ 

TOTAL DOWNWELLING Im~DL~CE IN EACH BAND 
CoI~zsPor~INc ( W / m  2 ) 

MMR 
SOLAR ZENXTH ANGLE (deg) 

SPECTRAL SPECTRAL 
i BAND (/~m) BAND (/~m) 17 24 35 47 57 69 

1 0.30-0.52 0.45-0.52 147 142 130 110 85 46 
2 0.52-0.62 0.52-0.62 120 117 111 100 85 56 
3 0.62-0.69 0.63-0.69 72 71 68 63 55 40 
4 0.69-1.15 0.75-0.88 286 282 273 255 232 183 
5 1.15-1.38 1.15-1.30 66 65 63 60 56 47 
6 1.38-1.50 5 5 4 4 3 2 
7 1.50-1.85 1.50-1.85 55 54 53 51 49 43 
8 1.85-2.08 7 7 6 6 5 4 
9 2.08-2.35 2.08-2.35 19 19 19 19 18 16 

10 2.35-3.00 4 4 4 3 3 2 

"Values derived from the LOWTRAN-6 computer code (Kneizys et al., 1983). 
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cess required from 20 to 30 min to com- 
plete. Thus, the solar zeniths and azimuths 
ranged up to 5 ° on either side of the 
angles given in Table 2 during data 
acquisition. In each spectral band, the 
two reflectance factors for each view di- 
rection were averaged, and these average 
spectral bidirectional reflectance factors 
were used in the computation of albedo. 

C o m p u t a t i o n a l  Methods 

Albedo is the ratio of total shortwave 
(0.3-3.0/zm) radiation flux reflected by a 
surface in all directions within the sur- 
rounding 2~r sr solid angle (i.e., hemi- 
sphere) to the total downwelling solar 
flux. Estimation of big bluestem albedo 
from the spectral bidirectional reflectance 
factor data was accomplished by two 

numerical integrations of the data. The 
first integration was computed to esti- 
mate bidirectional reflectance factors for 
the shortwave region: 

p = 

f o  "0 .3E(Xld(X), (1) 

10 " 10 

i = 1  / i =  1 

where ~ indicates wavelength, Ak i rep- 
resents a spectral band width, E~ repre- 
sents downwelling spectral irradiance in 
band i, and pi represents a spectral re- 
flectance factor at a particular view di- 
rection in band i. 
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The short wave region was broken into 
10 spectral bands (Table 1) to perform 
the numerical integration. Reflectance 
factors in three of the spectral bands 
(1.38-1.50, 1.85-2.08, and 2.35-3.00 ttm) 
were treated as negligible on the basis of 
a priori knowledge of typical vegetation 
reflectance spectra (e.g., Fig. 2). Reflec- 
tance factors in the other seven bands 
were estimated from the measured reflec- 
tance factors in the MMR spectral bands 
(Table 1). Consideration of typical vege- 
tation reflectance spectra (e.g., Fig. 2) 
indicated that reflectances in the MMR 
spectral bands were representative of re- 
flectances in the broader spectral bands 
used for numerical integration. 

Downwelling solar flux at the surface is 
a function of solar zenith, atmospheric 
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conditions, and surface reflectance. The 
LOWTRAN 6 computer code for atmo- 
spheric transmittance (Kneizys et al., 
1983) was used to generate solar flux 
densities in the 10 spectral bands for six 
solar zenith angles (Table 1). A clear rural 
atmosphere (23 km visibility) typical of a 
midlatitude region in the summer was 
assumed for the flux calculations. In 
summary, the numerical integration used 
to derive bidirectional reflectance factors 
over the short wave region was essentially 
an average of reflectance factors in 10 
spectral bands weighted by the down- 
welling solar flux in each of the bands. 
Kriebel (1979) used a similar weighted 
average of spectral reflectances in his 
calculations of albedos for several vege- 
tated surfaces. Jackson (1984) has also 
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FIGURE 2. Reflectance spectrum of corn lead provided as an example of typical vegetation reflectance spectra 
MMR spectral bands are delineated at the top of the graph. 
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calculated the total reflected solar radia- 
tion from multispectral MMR data using 
an alternative computational approach. 

The second step required to calculate 
albedos was an integration of bidirec- 
tional reflectance factors over the hemi- 
sphere surrounding reflecting surfaces. As 
shown by Kimes and Sellers (1985), al- 
bedo is related to a distribution of bidi- 
rectional reflectance factors by the fol- 
lowing double integral: 

a = ~r (O, ~) cos OsinOdO dep, 

(3) 

where a equals albedo, p(O, ~) is a distri- 
bution of bidirectional reflectance factors 
at a constant solar zenith angle, O is the 
view zenith angle, and ~ is the relative 
azimuth angle between the principal 
plane and the view azimuthal plane. To 
estimate (3) from the available bidirec- 
tional reflectance factors, the following 
numerical integration was performed: 

8 

a =  ~r -x E PjA~2i. (4) 
j = l  

To understand (4), consider Fig. 3, 
which shows the projection of a hemi- 
sphere onto a horizontal surface. The 
hemisphere represents a 2~r sr solid angle 
which contains all the energy reflected by 
the element of surface area at the center 
of the hemisphere. The hemisphere has 
been broken up into eight solid angles 
which project as annular rings on the 
horizontal surface. Each j th solid angle is 
defined by a range of zenith angles and 
can be envisioned in three dimensions as 
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a hollowed-out cone. Azimuthal planes 
project as straight lines through the center 
of the annular rings. The view direction 
of any bidirectional reflectance measure- 
ment can be represented by a point within 
the annular rings. The angle between a 
line through the point and the center and 
the line representing the principal plane 
defines the relative view azimuth. The 
distance between the point and the center 
defines the view zenith angle. 

In (4), Aft1 equals the projected solid 
angle represented by each annular ring in 
Fig. 3: 

Af~j = ~-(sin2 6 i -  sin281_ 1). (5) 

Also in (4), each projected solid angle is 
multiplied by the average of the bidirec- 
tional reflectance factor measurements 
made within the solid angle (i.e., the 
average of measurements from view di- 
rections represented by points within the 
appropriate annular ring): 

m 

E P(OT,*k)lm, 
k = l  

where O i_ 1 < Oj* < O r (6) 

The product of ~1 and A~i is then 
summed over the eight solid angles (i.e., 
annular rings) to compute albedo. 

The albedos of the observed big blue- 
stem canopy were first derived from (4), 
(5), and (6) using all of the available 
bidirectional reflectance factor data. Since 
measurements were made in four 
azimuthal planes, a total of eight reflec- 
tance values (m = 8) were used in (6) for 
each annular ring except the innermost 
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ring. An average of four nadir measure- 
ments were used for the innermost ring. 
The albedo estimates derived from the 
fldl data sets were treated as " t rue" al- 
bedos in the evaluation of albedo esti- 
mates derived from a restricted number 
of bidirectional reflectance factor mea- 
surements. 

Estimates of albedo were also derived 
using data from combinations of two or- 
thogonal azimuthal planes and data from 
single azimuthal planes. When data were 
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restricted to two planes, the number of 
reflectance measurements per annular 
ring was limited to four; i.e., m = 4 in 
(6). One combination of two planes con- 
sisted of the principal plane and the plane 
perpendicular to the principal plane. The 
other combination consisted of the two 
planes which form 45 ° angles with the 
principal plane. When data were re- 
stricted to one plane, two reflectance 
measurements were averaged per annular 
ring; i.e., m = 2 in (6). 
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FIGURE 3. Polar plot showing view directions from which bidirectional reflectance factors were measured over 
the big bluestem field plot. The points locate the view directions. The lines through tile center represent the four 
azimuthal planes on which measurements were taken. The annular rings represent the discrete elements of projected 
solid angle used in the computation of albedo by numerical integration. ,~ = view azimuth angle relative to true 
north; 8~ = view zenith angle. 
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For each subset of azimuthal planes, 
albedo estimation was repeated once with 
reflectance factor data from all available 
view zenith angles and once with view 
zenith angles restricted to 50 ° or less. 
When the view zenith angles were re- 
stricted, numerical integration was per- 
formed using six increments of projected 
solid angle (i.e., six annular rings). In this 
case, the outermost ring lay between view 
zenith angles of 45 ° and 90 °. Albedo 
estimates derived from the various data 
subsets were compared to the "true" val- 
ues derived from the full data sets to 
evaluate bidirectional reflectance mea- 
surement requirements for albedo estima- 
tion. 

Results and Discussion 

The estimates of big bluestem albedo 
derived from the fldl data sets are listed 
in Table 2 and are plotted in Fig. 4 to 
illustrate trends in albedo. Albedo in- 
creased with solar zenith angle on each 
date. The relative increase ranged from 
19 to 41% depending on day and the 
range of observed solar zenith angles. For 
nearly equal solar zeniths, albedos in- 
creased between June 3 and 17 with only 
a slight difference in observed albedos 
between 17 June and 3 July. The one 
albedo estimate available for 12 August 
indicated that big bluestem albedo de- 
creased at this stage of the growing sea- 
son. 

Although coincident pyranometer data 
are not available for direct comparisons, 
the range and trends of the calculated 
albedos are consistent with other data in 
the literature. Increases in the albedo of 
prairie grass and wheat canopies with 
increasing solar zenith angle have been 
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noted by several authors (Aase and Idso, 
1975; Idso et al., 1978; Kondratyev, 1972; 
Ripley and Redman, 1976). This trend 
has also been modeled and discussed by 
Kimes et al. (1987b). Aase and Idso (1975) 
used pyranometers to measure diurnal 
trends of native mixed prairie grass al- 
bedo in Montana during the 1973 grow- 
ing season. The observed albedos ranged 
from approximately 16 to 30%. Albedos 
observed in June and July were generally 
greater than albedos observed in Septem- 
ber at comparable solar zenith angles. 
Kondratyev (1972) provided data show- 
ing a diurnal albedo range of approxi- 
mately 15-30%, with minimums occuring 
near solar noon, for five grass canopies. 
Idso et al. (1978) used pyranometers to 
observe an albedo range of approximately 
15-40% over spring wheat plots. Thus 
the range of calculated big bluestem al- 
bedos (22-38%) seems reasonable. 

The effect of solar zenith angle on big 
bluestem albedo can be traced back to 
the effect of solar zenith angle on big 
bluestem BRDF. To illustrate, Fig. 5 
shows three-dimensional representations 
of observed reflectance factor distribu- 
tions at two solar zenith angles. The plane 
of annular rings in Fig. 3 is represented 
by the X - Y  axes in Fig. 5 with the 
center of the annular rings located at 
nadir. Each point within the annular rings 
defines a view direction, and Fig. 5 con- 
tains plots of view direction vs. reflec- 
tance factor using a cylindrical coordinate 
system. Figure 5(a) represents the distri- 
bution of big bluestem reflectance factors 
(total shortwave) observed in 17 June at a 
solar zenith angle of 17 °. Figure 5(b) 
represents the reflectance factors ob- 
served on 17 June at a solar zenith angle 
of 57 ° . 
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Big bluestem albedo versus solar zenith angle for four dates in tile 1986 growing season: ( O - -  O ) 3 
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At smaller solar zenith angles [Fig. 
5(a)], observed reflectance factors showed 
relatively little variation in reflectance 
across the view directions. At larger solar 
zenith angles [Fig. 5(b)], reflectance in- 
creased off-nadir. When bidirectional re- 
flectance factors were integrated over all 
view directions to compute albedo, the 
increase in off-nadir reflectance at larger 
solar zeniths resulted in larger albedos 
relative to the albedos at the smaller solar 
zenith angles. 

The  effect of solar zenith angle on 
plant canopy albedo and reflectance an- 
isotropy can primarily be attributed to a 
mechanism discussed by Kimes (1983) 
and Kimes et al. (1987b). Briefly, the 

mechanism involves the shading of lower 
canopy layers by the components  of the 
upper  canopy as expressed by the prob- 
ability of gap (i.e., the probability a pho- 
ton of incident solar radiation can 
penetrate to any particular canopy layer 
without first encountering a leaf or other 
plant component).  The probability of gap 
decreases as the solar zenith angle in- 
creases. The probability decrease is great- 
est in erectophile canopy structures 
(Kimes et al., 1987b), and the big blue- 
stem canopy structure appears approxi- 
mately erectophile in photographs of the 
plants. The result is an increase in the 
proportion of radiation scattered within 
the upper  canopy layer as solar zenith 



ESTIMATION OF PRAIRIE GRASS ALBEDO 

(a) 

4a t 
1. 
4.0 

Z +t 
b 
tl 
LI 
.1 
k 
W 

195 

(b) 

Z 

F 
tl 

..I 
k 
W 

FIGURE 5. Cylindrical plots of the directional distribution of big bluestem bidirectional reflectance factors 
(total shortwave) on 17 June, 1986: (a) solar zenith angle of 17°; (b) solar zenith angle of 57 °. 
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angle increases. Photon scattered in the 
upper layer encounter fewer plant com- 
ponents and are therefore less likely to be 
absorbed before escaping the canopy. 
Decreasing the probability of gap also 
reduces the proportion of photons 
penetrating to the underlying soil which 
generally has a lower albedo than the 
plant components. In addition, the pro- 
portion of the lower canopy layers within 
view is at a maximum from a nadir view 
direction and decreases as the view zenith 
angle increases. The overall effect is an 
increase in off-nadir bidirectional reflec- 
tance which becomes more pronounced 
as the solar zenith angle increases. 

The changes in big bluestem albedo 
over the summer are related to the 
changes in the grass canopy structure and 
composition as the plants developed. Ta- 
ble 3 provides data on canopy phytomass 
and leaf area acquired over the growing 
season. Albedo appears to correspond 
most closely to green leaf area index 
(LAI). That is, the dates of generally 
lowest (12 August) and highest (3 July) 
observed albedo coincided with the dates 
of lowest and highest green LAI. Both 
the green LAI and albedo were observed 
to increase through the tiUering and joint- 
ing growth stages of early summer. Al- 
though the observed albedo was lowest 
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on 12 August, the big bluestem had- 
reached the heading stage and had begun 
to become senescent resulting in less 
green lea:f area to absorb photosyntheti- 
cally active radiation (0.4--0.7/~m). The 
lower albedo was likely due to decreased 
near infrared reflectance by the plant 
canopy at this stage of development 
(Asrar et al., 1986). 

Table 2 also lists the percent relative 
difference between "true" albedos de- 
rived from the full reflectance factor data 
sets and the albedo estimates derived from 
subsets of the data. When data from the 
full range of view zenith angles were 
used, albedo estimates derived from data 
from two orthogonal azimuthal planes 
corresponded closely to the "true" esti- 
mates. The differences increased slightly 
with solar zenith angle but never ex- 
ceeded 3%. The estimates from the two 
45 ° azimuthal planes were always slightly 
larger than the "true" values whereas the 
estimates derived from combining data 
from the principal plane and the per- 
pendicular plane (90 °) were always 
slightly less than the "true" values. 

When the reflectance factor data were 
restricted to view zenith angles of 50 ° or 
less, the estimates derived from the two 
45 ° azimuthal planes still closely ap- 
proximated the "true" albedos. These 

TABLE 3 Phytomass and Lea/Area  of Big Bluestem Grass Canopy during tile 1986 (,rowing Season/' 

TOTAL 
FRESH DRY PHYTOMASS ( g / m  2 ) 

PHYTOMASS GREEN BROWN GREEN 
DATE ( g / m  2 ) TOTAL LEAVES LEAVES STEB, IS 1' HEICHT (m) LA1 

04 Jun 86 1302 253 148 0 104 0.~ 3.1 
19 Jun 86 1837 394 247 14 133 I>.6 4.9 
07 Jul 86 2248 653 381 72 200 12 58  
14 Aug 86 2207 8.54 2:37 243 :375 IS :2.:3 

"Values are means of five 0.1 m 2 samples. 
bStems include culms, leaf sheaths, and inflorescence, when present. 
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estimates usually underestimated the 
" t rue"  values and the error generally in- 
creased with increasing solar zenith an- 
gle, but the relative differences were al- 
ways less than 4%. The albedo estimates 
derived from restricted view zenith an- 
gles along the principal and 90 ° planes 
varied by as much as 9% from the "true" 
albedos. Again, the error increased as the 
solar zenith angle increased. 

If big bluestem BRDF was symmetric 
about the principal plane, albedo esti- 
mates derived from data acquired along 
one 45 ° azimuthal plane should have 
equaled the estimate derived from the 
other 45 ° plane. The results shown in 
Table 2 indicate that this was not the 
case. The lack of agreement of derived 
albedos between the two 45 ° planes could 
have been due to asymmetry of the BRDF 
or experimental uncertainty in the origi- 
nal reflectance factor measurements, or 
both. The estimates derived from combin- 
ing data acquired along both 45 ° 
azimuthal planes were generally closer to 
the " t rue"  albedo than estimates derived 
from either single azimuthal plane even 
when the view zenith angle range was 
restricted. 

The albedo estimates derived from data 
along a single azimuthal plane were 
closest to the "true" albedos when the 
plane was either the principal plane or a 
45 ° plane. When all view zenith angles 
were considered, the root mean square 
(RMS) difference was slightly greater for 
estimates derived from the principal plane 
data (4.63%) than the RMS difference 
from the worst of the two estimates de- 
rived from the data along a 45 ° plane 
(3.81%). When view zenith angles were 
restricted, the RMS difference for prin- 
cipal plane data (1.79%) was slightly less 
than the RMS difference for the best of 
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the two estimates derived from data along 
a 45 ° azimuthal plane (1.89%). In com- 
parison, Kimes et al. (1987a) found data 
from the 45 ° azimuthal plane preferable 
for the estimation of terrestrial albedos 
when data were available from view 
zenith angles on both sides of nadir from 
a single azimuthal plane. 

Nadir bidirectional reflectance factors 
only provided close approximations to 
"true" albedo at small solar zenith angles. 
At solar zenith angles greater than 25 ° , 
the nadir reflectance factor underesti- 
mated "true" albedo by 7-18%. This re- 
sult is again traceable to the previously 
discussed effect of solar zenith angle on 
the anisotropy of big bluestem reflec- 
tance. At the small solar zenith angles, 
the reflectance varies less with view di- 
rection, and a single bidirectional reflec- 
tance factor observation from any view 
direction would approximate the albedo. 
As solar zenith angle increases, the an- 
isotropy of reflectance also increases with 
larger reflectance factors occurring off- 
nadir. The reflectance factors observed 
from nadir thus underestimate the albedo 
at large solar zenith angles. 

These results have implications for the 
design of experiments such as FIFE. Two 
flights over a site in orthogonal directions 
appear adequate for the remote de- 
termination of prairie grass albedo using 
a pointable sensor such as ASAS. Given 
the maximum ASAS view zenith angle of 
45 ° , the preferable flight directions are 
along lines 45 ° from the solar principal 
plane. If only one flight line is possible, 
then it should be chosen either along the 
principal plane or 45 ° from the principal 
plane. Regardless of the flight line orien- 
tation, estimates of albedo derived from 
multiple view direction ASAS or other 
pointable sensor should prove more accu- 
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rate than albedo estimates from single 
nadir reflectance factors, particularly for 
albedos at large solar zenith angles. 
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